Abstract. We examined changes in stream habitat and benthic invertebrate communities in two contrasting regions of New Zealand's North Island over a 9-10-year period as pine forest harvesting progressed through the catchments. Increases in streambed cover by sand/silt, wood and macrophytes were recorded as harvesting progressed, but little change was observed in qualitative periphyton abundance. Despite similar high-level taxonomic structure of invertebrate communities between the two regions, differences in percentage and log-transformed abundance indicated an effect of landscape context that reflected different hydrologies and bed-substratum stabilities. Within regions, ordination plots indicated broadly distinct site clusters that persisted through time and reflected variations in stream size, substratum composition, periphyton abundance and degree of catchment harvesting. Generally, few of the invertebrate community metrics examined showed clear responses to progressive catchment or onsite harvesting relative to previous intra-and inter-annual variation. The most noticeable exceptions were percentage Ephemeroptera, Plecoptera and Trichoptera (excluding Hydroptilidae) abundance and percentage Elmidae abundance, which were negatively and positively correlated, respectively, with percentage catchment harvested. We identify three broad response categories to catchment harvesting that reflect subsidy-stress effects as logging progressed and discuss the relevance of these findings to potential pine forest harvesting effects in southern Australia.
Introduction
Forest harvesting and associated silvicultural activities have the potential to alter water quality and quantity and to change the physical character and biotic composition of adjacent streams (see reviews of Campbell and Doeg 1989; Maitland et al. 1990; Harding et al. 2000) . These effects can persist over long time periods (Stone and Wallace 1998) and occur through a number of mechanisms, including: increased sediment runoff and nutrient input; reduced shade altering thermal regimes (e.g. higher summer temperatures) and increasing algal and macrophyte biomass; altered inputs of woody material and other organic matter; and toxic effects from herbicide input during afforestation (e.g. Morris et al. 1992) .
Most published studies of exotic forestry impacts on streams have focussed on sites where there has been wholecatchment clearfelling or logging adjacent to monitoring reaches. Some workers have investigated the role of forested riparian buffers in mitigating instream harvesting impacts (Davies and Nelson 1994; Rowe et al. 2002; Quinn et al. 2004) , but relatively little is known about the effects on stream faunas of progressive harvesting upstream of, compared to alongside, sampling sites. This information is important because it may provide evidence for constraints on the area of catchment that can be harvested to minimise impacts on downstream ecosystems.
In New Zealand, Pinus radiata dominates the plantation forestry estate (91% of estate area), which covers 6% or 1.5 million ha of land surface. In the present study, we examined changes in habitat and benthic invertebrate communities in two hydrologically contrasting regions of the North Island over a 9-10-year period as catchment harvesting progressed towards and alongside monitoring sites. We initially sampled twice a year and then annually to provide an indication of intra-and interannual variation relative to unharvested sites. Our principal aims were to: (i) investigate to what extent progressive harvesting impacts influenced benthic invertebrate communities; (ii) explore habitat factors related to forest harvesting that may have been mechanistically linked to observed impacts; and (iii) determine how landscape context influenced the responses of invertebrate communities to harvesting.
North Island (Fig. 1) . Both areas are classified as Central Hill Country and Volcanic Plateau in terms of their land environments and are characterised by parent materials derived from rhyolitic ash and soils of low fertility and good drainage (Leathwick et al. 2003) . Both regions have similar average annual rainfall of 1000-1500 mm p.a. , but average daily temperatures are warmer in the Taneatua area (14-16 • C) compared to Pokairoa (10-12 • C) (National Institute of Water and Atmospheric Research (NIWA), unpublished data). Taneatua Forest Although land environments are similar, streams in the two areas differ fundamentally in hydrology and substratum stability (see Results). Pokairoa Forest streams are largely spring fed from groundwater recharge percolating through volcanic soils and have predominantly unstable beds of pumice sands and gravels. In contrast, Taneatua Forest streams are largely run-off fed with streambeds comprising coarser substratum sizes (see Results). Four 1st to 3rd order tributaries of Wainui Stream, which drains part of Taneatua Forest (Fig. 1) , were sampled; two sites were in pine forest catchments and two were in native hardwood forest catchments (see Table 1 ). The Pokairoa Forest sites were on 1st to 3rd order streams on tributaries or the mainstem of Pokairoa Stream (Fig. 1) . All sites were in pine forest catchments, but the trees were younger at site PAF (see Fig. 1 for location) and thus no harvesting was conducted in this catchment during the course of the study, providing a non-harvested reference site against which to evaluate harvesting impacts in the other Pokairoa catchments.
Sampling of the Taneatua streams began in winter 1993 and ceased in summer 2003, whereas sampling of the Pokairoa streams began a year later but finished at the same time (no samples were collected at this site in 1999). Catchment areas above sampling sites ranged from 19 to 1973 ha and channel slopes were all <8% (Table 1) . Although channel widths covered a similar range, thalweg depths and water velocities tended to be higher in Pokairoa streams, which also had more unstable channels than sites in Taneatua Forest (as indicated by higher Pfankuch 1975 stability scores), largely reflecting the presence of mobile pumice beds. Instream habitat was dominated by riffles at most Taneatua sites, except for ER3 (see Fig. 1 for location) where riffle, run and pool habitats occurred in equal proportions, whereas runs heavily dominated habitat in all Pokairoa streams (Table 1) .
Spot measurements during summer and winter until 1998 suggested circumneutral pH (MeterLab PHM220 meter, Radiometer, Copenhagen) in both regions (Table 2 ), but lower conductivity (CDM83 meter, Radiometer) in Pokairoa Forest streams, reflecting their groundwater source. Clarity, as indicated by black disk distance (DaviesColley 1988) , was high at PAF, although mean turbidity (2100A meter, Hach, Ames, IA) values were similar among all sites. Suspended sediment (APHA 1989) was highly variable, depending on the flow at the time of sampling. Water temperatures (Checktemp 1 digital thermometer; ±0.1 • C precision) were similar in both regions (mean = 11-13 • C; Table 3 ), but mean winter and summer temperatures were lower and higher, respectively, at Taneatua (by 1.5 and 3.3 • C, respectively; Table 2 ).
More intensive measurements conducted at two of the Taneatua sites (N2, ER3) showed that clarity at ER3 declined significantly (32% relative to [1993] [1994] [1995] [1996] over time up to September 2000 as forest harvesting progressed (Smith 2004) .After this time, there was an increase in median clarity at ER3 (by 19% relative to 1996-2000) as regeneration of catchment vegetation stabilised sediment sources. Median annual clarity at N2 ranged from 3.1 to 1.7 m and declined significantly over time from 1996 when adjusted for stream flow effects, but this decline is not thought to have been caused by harvesting on ridge-tops because it commenced before this started. Spot water temperatures measured fortnightly over 10 years indicated that median annual temperatures at ER3 (range 11.8-15.6 • C) were slightly higher than N2 in equivalent years (<2 • C difference). Maximum spot temperatures obtained from continuous loggers placed at ER3 over summer were always less than 25 • C.
Harvesting activities
Preparation for harvesting of the Taneatua catchments began in 1994 with road lining involving 1.7 ha at the head of the ER3 catchment. Harvesting in that catchment increased progressively from 1996 through to the end of monitoring, with logging alongside the monitoring reach occurring before the summer 2000 sampling. The entire ER2 catchment was harvested over a short period following the 2000 sampling (Table 3) . A small proportion of the headwaters of the native forest reference site N2 was planted in pine trees (11% of total catchment area). These trees were removed using helicopter logging in 1999, resulting in minimal disturbance to the stream. Pokairoa catchment harvesting began in 1997, but by 1999 <6% of catchment area had been harvested above any sampling site (Table 3) . Harvesting occurred alongside PE2 shortly before sampling in January 1999 and on the true right of PE4 before the summer 2002 sampling. However, a narrow riparian strip of willows (Salix sp.) (2-3-m wide), grasses and Douglas fir (Pseudotsuga menziesii) (c. 5 m) remained intact on both banks adjacent to the sampling site over the entire study period. By the end of the study, harvesting had occurred down to the upstream end of the PE3 sampling site, but not alongside it. Overall <40% of catchment area above any sampling site had been logged at Pokairoa (Table 3) .
Sampling protocols
Samples were collected at all sites twice a year starting in winter 1993 (Taneatua) or 1994 (Pokairoa), before any harvesting activities in the catchments, until summer 1999 (note that PE3 was not sampled in that year). These 5-6 years of bi-annual sampling provided a measure of intra-annual variability in environmental conditions (e.g. high summer water temperatures v. winter high flows) within which to evaluate the impacts of harvesting activities on invertebrate communities. From 1999 onwards, samples were collected only in summer until the cessation of sampling in 2003. The summer dataset from 1994-1995 onwards provided the basis for assessing longer-term changes in invertebrate communities associated with progressive catchment harvesting.
Representative reaches of 50-to 100-m length were selected at each site and measurements were made of size of surficial bed sediment particle sizes following Wolman (1954) , cover by wood and macrophytes and periphyton abundance. Bed sediments and wood abundance were determined by classifying a total of ≥100 particles across ≥10 crosssections spaced regularly through the reach as boulder (>256 mm), large cobble (128-256 mm), small cobble (64-128 mm), large gravel (32-64 mm), medium-large gravel (16-32 mm), small-medium gravel (8-16 mm), small gravel (2-8 mm) or sand/silt (<2 mm) (Wolman 1954) . Submerged wood encountered during this procedure was classified as either small (<10 cm diameter) or large (≥10 cm diameter), and its relative abundance was expressed as a percentage of total substratum elements across all transects. Macrophyte abundance along the entire study reach was assessed visually as a percentage of bed area covered and periphyton abundance was estimated using the following classes (after Jowett and Richardson 1990): none (1); slippery (2); obvious (3); abundant (filamentous algae obvious) (4); excessive (>80% filamentous algae cover (5).
Benthic invertebrates in 'run' habitats, which represent average hydraulic conditions between 'riffles' and 'pools', were sampled at evenly spaced intervals along the sampling reach by collecting replicate Surber samples (n = 7, 0.04 m 2 quadrat, 250-µm mesh net). Entire samples were then either examined live in the field at ambient magnification (with laboratory checks on species identifications, including all Chironomidae), or were preserved in 10% isopropanol and processed in the laboratory.
Data analysis
Although data were available at unharvested reference sites and before and after the onset of harvesting at the other sites, we did not conduct a traditional BACI (before impact, after impact, control site, impact site) analysis because of variations in reference-site quality and the progressive nature of the harvesting disturbance. Rather, patterns in community composition were examined with non-metric multidimensional scaling (MDS) using PRIMER version 5.2.2 (Plymouth Marine Laboratory, UK) based on the Bray-Curtis distance measure of log(x + 1) transformed abundance data. This analysis was conducted on data from seven pooled Surber samples for each site and date combination to investigate patterns in relation to region and among sites over time within regions, and for individual Surber samples to investigate temporal patterns within sites. Only ordinations with stress values ≤0.2 were used. 'Stress' is a measure of the departure from monotonicity in the relationship between dissimilarity in the original p-dimensional space and distance in the reduced k-dimensional ordination space (McCune and Grace 2002) . Solutions with stress values in the range 0.1 to 0.2 are common in ecological studies and provide a useable representation of the two-dimensional relationship among samples, although the details of the plot should be interpreted cautiously (Clarke and Warwick 2001) . Differences between a priori defined groups (regions, sites, pre-and post-onsite harvest) were investigated using Analysis of Similarities (ANOSIM). The PRIMER routine SIMPER was used to examine the contribution of each species to the average Bray-Curtis dissimilarity between these groups.
Community evenness (Pielou) and diversity (Simpsons) were calculated from the DIVERSE routine in PRIMER. These metrics, along with total taxa richness, Ephemeroptera, Plecoptera and Trichoptera (EPT) taxa richness, percentage Chironomidae and percentage EPT density (excluding Hydroptilidae) were used to assess temporal changes at sites in relation to catchment-harvesting activities and habitat variables. Relationships between the first two MDS ordination axes, invertebrate community metrics and measured physico-chemical variables (including percentage catchment harvested before sampling) were assessed using Spearman rank correlations in SYSTAT (v. 10; SSI, Point Richmond, CA). Correlations with probabilities <0.01 were deemed significant to balance the need to protect against the possibilities of making Type I or II errors (Scarsbrook et al. 2000) .
Results

Physical factors
Stream discharges over most of the study period are shown in Fig. 2 for mainstem sites in each region. Mean annual flow over an 8-year period at PE2 varied between 275 and 383 L s −1 (mean specific discharge 0.16 L s −1 ha −1 ) and average annual minimum was 248 L s −1 . At Taneatua site ER3, mean annual flow over a 10-year period ranged from 34 to 113 L s −1 (mean specific discharge 0.26 L s −1 ha −1 ), with an average annual minimum of 13 L s −1 . Mean annual flows tended to increase as catchment harvesting progressed at PE2, but there was no apparent pattern in relation to catchment harvesting at ER3. The coefficient of variation (CV) of flow was 0.28 at Pokairoa, but variability was seven times higher at Taneatua (CV = 1.96).
Pre-harvest levels of wood on the streambed were <8% of substratum elements on average at all sites and comprised Jan-97 Jan-98 Jan-99 Jan-00 Jan-01 Jan-02 Jan-96
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Jan-97 Jan-98 Jan-99 Jan-00 Jan-01 Jan-02 Jan-96 Fig. 2 . Discharges of the mainstem pine forest sites over the course of the study illustrating the differences in hydrological regime between the two regions. Note the different scales on the y-axes. predominantly small wood (Table 4 ). Higher wood levels at Pokairoa site PE3 (>14%) were probably attributable to entry into the stream of branches and logs that had fallen across the channel from the steep hillsides. Large increases in streambed cover by wood were recorded following onsite harvest at ER2, PE2 and PE4 (by 2-4 times), but there was little change at ER3 where trees were pulled away from the channel. Mean macrophyte cover also increased at most sites following harvest, but differences were small, except at PE2 where macrophytes covered a large proportion of the channel post-harvest (Table 4) . High macrophyte cover at PAF probably reflected moderate light levels penetrating between the young pine trees. Little difference was observed in qualitative benthic algal abundance at any of the sites following harvest, although at PE2, extensive filamentous growths were evident on stable pieces of submerged wood.
Inorganic substratum composition at Taneatua was represented by particle sizes ranging from sand/silt to large gravel, although the pine sites were dominated more heavily by sand/silt (generally comprising >20% of inorganic substratum particles; Fig. 3 ). There was a marked increase in sand/silt levels at ER2 after onsite harvesting, coinciding with invasion of weeds into the streambed where fine sediments were trapped among roots. The Pokairoa sites tended to be dominated more by finer particles, particularly at PE2 where most particles were small gravel and sand, and PE4 where particles were predominantly small-medium gravel and smaller (Fig. 3) . Larger substratum elements were present at PAF and also at PE3, where bedrock and boulders were relatively common. There was a marked increase in sand/silt levels at PE2 following onsite harvest and, although these levels subsequently declined, they remained above pre-harvest levels until the end of the study (Fig. 3) . In contrast, sand/silt levels declined over time at PE3 as a slip upstream of the sampling reach stabilised; there was little change in sand/silt levels at PE4 over time.
Invertebrate community structure and composition
A total of 144 taxa was collected over the ten years of sampling, 123 at the Pokairoa Forest sites and 122 at the Taneatua Forest sites. The fauna in both regions was dominated taxonomically by Diptera and Trichoptera (each with 34-40 taxa over all samples within a region combined), followed by Ephemeroptera and Plecoptera (14 and 9-11 taxa respectively). Despite similar high-level taxonomic structure between the two regions, community composition in terms of relative abundance differed. Percentage Ephemeroptera abundance was high overall in both regions but less so at Pokairoa compared to Taneatua (20% and 33% of total numbers respectively), where Trichoptera (23%) and Coleoptera (23%) were also relatively common. At the Pokairoa sites, Diptera (predominantly Chironomidae) was the second most abundant group (18%) followed by Trichoptera, Mollusca, Coleoptera and Oligochaeta (all >10%). The MDS analysis of log-transformed abundance data demonstrated a broad separation in community composition based on region (ANOSIM Global R = 0.364, P < 0.001), K although the stress value for the two-dimensional configuration (0.2) prevented interpretation of any smaller scale patterns. SIMPER analysis indicated that differences in abundances of a range of taxa, most of which were more common at the Taneatua sites, contributed to this regional separation in community composition. These taxa included the leptophlebiid mayfly Deleatidium, the conoesucid caddisfly Pycnocentrodes, the chironomid midge Tanytarsus and elmid beetle larvae, which each contributed ≥2.5% to the dissimilarity. The hydrobiid mollusc Potamopyrgus antipodarum was more abundant at the Pokairoa sites and contributed 2.7% to the regional dissimilarity.
Within regions, broadly distinct site clusters that persisted through time were evident (Global R = 0.638, P < 0.001) based on pooled Surber samples collected in summer (Fig. 4) . Multidimensional scaling plots of all sampling dates (i.e. including winter) resulted in stress values that were too high (>0.2) to allow interpretation. All site-level comparisons based on summer data were significantly different within the Taneatua region (R = 0.234-0.920, P < 0.05), including the two native forest sites, and stronger differences were evident among the Pokairoa sites (R = 0.618-0.98, P < 0.001). This finding suggested the presence of small-scale and persistent variations in community composition that, to some extent, reflect stream size. At Taneatua, the first-order native and exotic forest sites (N1 and ER2) grouped towards the right of axis 1 (Fig. 4a) , whereas the larger sites (ER3 and N2) grouped towards the left of that ordination. Native forest samples tended to occur towards the top of that ordination (Fig. 4a) . At Pokairoa (Fig. 4b) , the largest stream (PE2) occurred towards the top of axis 2 and the smaller sites (PE3 and PE4) grouped towards the bottom. There was no obvious effect of size of peak flow over the 28 days before summer sampling at PE2 (range of peak flows = 196-624 L s −1 ) or ER3 (24-3337 L s −1 ) on the relative position of sites in ordination space.
Within sites, there was evidence of shifts in community composition related to harvesting of trees alongside the sampling reach (see Fig. 4) , with post-onsite harvesting dates being distinct from preceding dates at ER2, ER3 and PE2 (note that no harvesting occurred alongside PE3 and a riparian strip of Douglas fir and willows was left alongside PE4 during harvest). However, ordinations of individual Surber sample data for each of these sites yielded stress values that were too high (>0.2) to allow interpretation, except at PE2 (stress = 0.2), where post-onsite harvest samples were significantly different to pre-harvest samples (Global R = 0.277, P < 0.001). SIMPER analysis indicated that the main groups contributing to this dissimilarity were Oligochaeta, Deleatidium and Elmidae, which collectively contributed 50% of the dissimilarity between pre-versus post-onsite harvest dates. These taxa along with a range of chironomid genera (Cricotopus, Naonella, Tanytarsus, Eukiefferiella; see percentage Chironomidae in Fig. 5b ), were more common following harvest at PE2.
Invertebrate community metrics and common taxa
A range of invertebrate diversity, evenness and compositional metrics were used to evaluate forest-harvesting impacts in relation to unharvested sites, and relative to seasonal and interannual variation within sites (Fig. 5) . Few seasonal patterns were evident among the different metrics in summer and winter samples collected over 4-5 years, although taxa richness (e.g. ER3) and percentage EPT abundance (e.g. PE4) did appear to vary seasonally at some sites (Fig. 5) .
Generally, post-harvest forestry impacts were within the range of pre-onsite harvest intra-annual variation at the same sites and interannual variation at unharvested sites, although there were some exceptions. At ER3, percentage EPT density declined below 35% as catchment harvesting exceeded 30%, and elmid densities increased ( Fig. 5a ; see also Fig. 6 ). In addition, there was a marked decline in community evenness and a corresponding increase in dominance as harvesting approached 80% of catchment area. Multidimensional scaling axis 1 for the Taneatua sites (see Fig. 4a ) was highly, inversely correlated with EPT richness and percentage EPT (r s = −0.539 and −0.626, P < 0.001), less strongly with total richness (r s = −0.457, P < 0.01), and positively with Pielou evenness (r s = 0.520, P < 0.001).
Although the percentage area of catchment harvested was lower by 2003 at Pokairoa compared to Taneatua (Table 2) , some changes to invertebrate community metrics were evident at some Pokairoa sites (Fig. 5b) . At PE2, there was a marked decline in percentage EPT abundance following onsite harvesting, partly reflecting high relative abundance of Chironomidae and an increase in elmid densities (Fig. 5b) . Percentage EPT abundance increased progressively at this site over the four years following onsite harvesting, despite continuing harvesting upstream. Percentage EPT abundance was also markedly lower following harvest alongside the PE4 site, despite the stream reach being relatively undisturbed owing to the presence of riparian Douglas fir and willows. Percentage Chironomidae abundance increased steadily at this site from summer 1999 as upstream harvesting progressed (Fig. 5b) . However, none of these invertebrate community metrics were significantly correlated with MDS ordination axes scores for the Pokairoa sites. K. J. Collier and B. J. Smith 1995 1996 1997 1998 1999 2001 2003 1995 1996 1997 1998 1999 2001 2003 1995 1996 1997 1998 1999 2001 2003 1995 1996 1997 1998 1999 . 6 . Relationships between % catchment area harvested prior to each summer sampling date at Taneatua sites, and (a) % EPT (excluding Hydroptilidae) density and (b) log(x + 1) Elmidae abundance. Significant (P < 0.01) correlation coefficients are shown for all sites combined (no parentheses) or for pine forest sites only (parentheses). **, P < 0.01; ***, P < 0.001.
Relationships with environmental variables and catchment harvesting
At Taneatua, where harvesting had progressed to 80-100% of pine forest catchment area, MDS axis 2 was inversely correlated with percentage catchment area harvested and percentage sand/silt on the streambed (r s = −0.590 and −0.605, respectively; P < 0.001) (see Fig. 4a ). Multidimensional scaling axis 1 was negatively correlated with periphyton abundance class (r s = −0.547, P < 0.001). A significant inverse relationship was observed between percentage catchment harvested and percentage EPT abundance when all Taneatua sites were considered together (r s = −0.626, P < 0.01) (Fig. 6a) . This relationship suggested that percentage EPT abundance generally declined when percentage catchment area harvested exceeded 30%, but this relationship was not evident when elmids were excluded or absolute EPT abundances were tested.There was no relationship with percentage catchment area harvested and percentage Chironomidae in either region, even though there were obvious increases in chironomid abundance following onsite harvest at some sites (PE2, PE4; Fig. 5b ).
Relationships between percentage catchment harvested before sampling and invertebrate community metrics in summer (including ordination axes scores in Fig. 4 ) revealed no significant correlations at Pokairoa, presumably reflecting the low percentage of catchment harvested by the end of the study (<40%). At the Pokairoa sites, there were inverse relationships between taxa richness and percentage large wood (r s = −0.506, P < 0.01), and between taxa and EPT richness and percentage sand/silt (r s = −0.655 and −0.659, P < 0.001). Percentage EPT density was inversely correlated with the percentage of the streambed covered by macrophytes (r s = −0.629, P < 0.001).
Densities of the two most common taxa across all sites, the leptophlebiid mayfly Deleatidium and elmid beetle larvae (see Fig. 5 ), showed some relationships with environmental variables. Elmid densities were significantly related to periphyton abundance class (r s = 0.556, P < 0.001), and also with percentage catchment harvested (r s = 0.472, P < 0.01). Similar relationships between elmid density and periphyton as well as macrophyte abundance were detected at the Pokairoa sites (r s = 0.565 and 0.604, P < 0.01 and 0.001, respectively). In terms of relationships among physical habitat variables, percentage catchment harvested at the Pokairoa sites was strongly and positively correlated with the percentage of substratum elements comprising small wood (r s = 0.647, P < 0.001). Of the habitat variables measured at Taneatua, only percentage substratum comprising sand/silt (r s = 0.527, P < 0.001) was correlated with percentage catchment harvested.
Discussion
Landscape context
Landscape pattern is translated into spatially dependent processes that influence the structure and composition of biotic communities in rivers and streams (Malmqvist 2002; Wiens 2002) . The effects of landscape context evident in the present study were underpinned by differences in hydrology and geology between the two regions that influenced flow variability and substratum stability, and ultimately benthic invertebrate community composition. The spring-fed Pokairoa sites had more stable flows, but the mobile sands and gravels dominating most sites appeared to constrain benthic densities of certain taxa. Although we were able to recognise broad regional separations in biotic composition, we were unable to evaluate how landscape context at the regional scale influenced invertebrate communities in relation to catchment disturbance owing to the relatively low level of harvesting that had occurred above the Pokairoa sites by the end of the study.
At a more local scale, landscape context appeared to influence community composition within each region where sites generally grouped close together over time rather than according to level of catchment disturbance (harvesting activity). To some extent, this meso-scale spatial fidelity seemed to reflect position in the catchment, with low-order sites distinct from mainstem sites irrespective of vegetation cover or disturbance level. At an even smaller scale, Growns and Davis (1991) found that differences in benthic invertebrate abundance and richness of clearfelled and undisturbed sites were obscured by differences between sites within streams eight years after harvesting of Eucalyptus forest in south-western Australia, although invertebrate community composition did change.
Elsewhere in New Zealand, stream-invertebrate faunas in mature pine forest sites have been found to correspond closely to nearby native forest sites (Friberg et al. 1997; Quinn 2000; Quinn et al. 2004) , although there may be differences in food-web structure with pine forest streams intermediate between native forest and grassland streams (Thompson and Townsend 2003) . Faunas at unharvested pine forest sites in Taneatua were distinct from native forest sites of similar size, suggesting that prior pastoral land use may have had a persistent influence on invertebrate community composition in pine forest streams 2-3 decades later. This finding is akin to the 'ghost of land use past' hypothesis as proposed by Harding et al. (1998) for some North American sites (i.e. historical landscape context). At Taneatua, it may reflect sediment inputs from bank erosion as the channel widens from a narrow pastoral morphology to one characteristic of forested streams (Davies-Colley 1997; Collier et al. 2001) .
Effects of forest harvesting
Forest harvesting can modify instream habitat and water quality in several interacting ways, including higher water temperatures and algal biomass in response to increased light levels, altered detritus quantity and quality (including input of large wood) and increased fine inorganic sediment levels (Hawkins et al. 1982; Noel et al. 1986; Winterbourn 1986; Campbell and Doeg 1989; Growns and Davis 1994; Baillie et al. 1999; Harding et al. 2000) . Habitat changes associated with forest harvesting in the present study were typical of those observed elsewhere, with higher levels of wood and sand/silt evident as catchment harvesting progressed. Streambed cover by sand/silt, along with periphyton abundance, were implicated as factors structuring invertebrate communities at Taneatua in the ordination analysis, and periphyton levels were correlated with elmid beetle densities in both regions. A parallel study at ER3 indicated that water temperatures also increased with forest harvesting (NIWA, unpublished data), although maxima (<25 • C; NIWA, unpublished data) remained below those expected to be stressful to most sensitive aquatic insects (Quinn et al. 1994) .
Previous studies have indicated that harvesting of pine forests alongside sampling reaches can lead to a shift in invertebrate community structure to one more closely resembling pastoral streams (Death et al. 2003) . These workers observed a small but significant decline in taxon richness following whole-catchment pine forest harvesting at their eastern North Island sites, but an increase in densities primarily reflecting higher numbers of Chironomidae, Hydropsychidae and Mollusca. Quinn et al. (2004) also detected clear differences in invertebrate community composition following clearfell logging on Coromandel Peninsula, North Island, relative to sites in native forest, unharvested mature pines, or harvested pines with intact native riparian forest. In that study, mayflies were the group most sensitive to clearfell logging, with corresponding declines in taxon richness and percentage EPT density. Mayflies, along with stoneflies, were also reported to be sensitive to logging impacts in Eucalyptus forest streams in Tasmania, Australia (Davies and Nelson 1994) , although Stone and Wallace (1998) found that the percentage EPT metric did not appear to be a useful indicator of logging impacts in North Carolina streams.
In the present study, impacts of progressive forest harvesting on benthic invertebrate communities appeared to fit the subsidy-stress model (Odum et al. 1979) , in a similar way to that proposed for agricultural streams by Quinn (2000) . Low to moderate levels of catchment harvesting were associated with either neutral effects or increases in densities of several taxa and some invertebrate community metrics (e.g. taxa richness at ER2 and PE2). These changes presumably reflected responses to slightly elevated water temperatures, increased allochthonous organic matter inputs and higher autochthonous production where light levels increased. Growns and Davis (1994) found that harvesting of Eucalyptus from the catchment of a small stream in south-western Australia was associated with increases in the abundance of eight taxa and decreases in the abundance of six taxa, indicating differential subsidy-stress effects depending on the environmental tolerances, trophic requirements and microhabitat use of the taxa involved.
Most metrics in the present study remained within the range of prior intra-and interannual variation (i.e. neutral effect), with the notable exception of percentage EPT density and elmid beetle abundance, which often decreased or increased, respectively, as catchment harvesting progressed. Indeed, at Taneatua, both these metrics showed marked changes when harvesting exceeded 30% of catchment area (Fig. 6a,b) , although caution must be exercised in interpreting this figure as a stress-response threshold because the relationship was dependent on changes in abundance of a single taxon (Elmidae).
To make effective comparisons with other forestharvesting studies it is clearly important to consider the cascading and interacting effects of several factors operating at different spatial scales. Landscape context can be important in forging the community attributes on which disturbance impacts can be measured. Where invertebrate community composition and density reflect landscape context, both historical (as suggested for Taneatua where pine forest stream channels may still be widening from pastoral conditions) and contemporary (as suggested for Pokairoa where prevailing instream conditions may be limiting), then impacts may be obscured to some extent by regional and stream-specific factors.
In conclusion, three broad response categories to progressive harvesting were identified with respect to the preceding range of intra-and interannual variability: (i) subsidy responses when small environmental changes enhance conditions for certain taxa leading to increases in community health indicators; (ii) stress responses when harvesting effects exceed the tolerances of sensitive groups, which then decline rapidly in abundance leading to declines in community health indicators; and (iii) neutral responses when subsidy and stress responses interact to negate overall impacts on community health. Stress responses may occur following onsite harvesting and also when a certain level of upstream-catchment area has been harvested. Further studies of progressive harvesting impacts are required to establish whether there is a consistent catchment area threshold beyond which stress effects accelerate.
Most work on the effects of forest harvesting in Australia has been conducted on native Eucalyptus forest streams (e.g. Davis 1991, 1994; Davies and Nelson 1994) , although the area covered by industrial plantations of exotic standing tree species is increasing rapidly. In 2001, there were 1.6 million ha of plantation forest in Australia, of which softwood dominated by Pinus radiata comprised 62% (Australian Bureau of Statistics 2003). Knowledge gained in New Zealand pine forest settings may have relevance to predicting and interpreting the effects of pine forest harvesting in southern Australian regions located at similar latitudes to New Zealand's northern North Island. Broad similarities were evident between the effects of alien pine forest harvesting observed in the present study and the effects of native Eucalyptus harvesting reported in Australia, suggesting that congruous mechanisms may operate at a range of scales irrespective of forest type to alter invertebrate community structure. However, when extrapolating findings to other geographic settings, it is important to consider how historical and contemporary landscape context may influence harvesting responses.
